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. Today's efforts in controlling malaria vector mosquitoes predominantly rely on the distribution and use of long lasting insecticide treated nets (LLINs) and to a smaller extent on indoor residual spraying (IRS) with insecticides. For Africa, the attributable effect of insecticide treated nets and IRS on achieved malaria prevalence reductions between 2010 and 2015 were estimated at 68% and 13% respectively 2 . The reduction of vector populations at their larval stages on the other hand has received less attention after successful undertakings in the early 20 th century and since then has been implemented only by few African national malaria control programs covering limited areas of the country. Although the targeting of adult vector populations is generally seen as more effective compared to larval control 3 , there is consent that vector control should be integrated, comprising adult and larval stages 4 . After decades of optimism to further curb malaria, which was largely nurtured by the success of bed net campaigns, today vector control faces increased headwind once again. Although new research indicates that resistances of mosquitoes against insecticides might not compromise bed net and spraying campaigns as much as often reported [5] [6] [7] , those developments together with changes in vector behavior and alterations of vector species compositions may adversely affect current control efforts [7] [8] [9] [10] [11] . Improved biological larval control methods are a promising approach to fill in at the weak spots of adult control interventions that are currently in place. Biological larvicides such as Bacillus thuringiensis israelensis (Bti) are environmentally safe, target species specific in their mode of action, and show no resistances 12 . Within the last decade there has been a large body of evidence generated, showing that Bti based larviciding can bring down malaria vector populations by order of magnitude and significantly reduce malaria prevalence [13] [14] [15] [16] . Recommendations from the WHO currently limit the use of larviciding to urban environments due to the high population density, which provides lower per capita intervention costs compared to less densely populated areas 4 . Despite those very focal recommendations, there are several examples of successful implementation in rural areas of sub-Saharan Africa, while environments with heavy and year round flooding seem inappropriate for larviciding 17 . Furthermore, Bti based larviciding can be provided at low cost, comparable to, or lower than those of LLINs [18] [19] [20] . A common misconception is that reinforcing efforts in larval control inevitably would pull away resources from adult vector control programs. In fact, the contrary should be performed in practice, combining anti-adult and anti-larvae strategies. Mathematical models indeed corroborate observations of disproportionally high mosquito reductions of integrated vector control 21 . Whether larviciding will receive again the propagation and role in malaria control it once had, depends not least on its implementation costs. Here some observations from a large scale larviciding trial are used to explore new ways of reducing implementation costs for such programs and hence facilitate their uptake into national malaria control programs and practical implementation.
Improving cost effectiveness -Implications of the EMIRA project
Within a three-year research project in rural Burkina Faso (EMIRA -Ecologic Malaria Reduction for Africa), the feasibility of Bti based larviciding was investigated in a resource restraint setting in North-Western Burkina Faso 22 . This intervention achieved a reduction in female vector mosquitoes of more than 75% compared to untreated control areas at yearly per capita costs of US$ 1.10 18, 23 . Besides entomological and epidemiological impact, costeffectiveness is key to make larviciding competitive with other approaches and facilitate uptake into national and regional control programs. Following this line of argumentation, possible cost savings through the selective treatment of larval breeding sites were investigated. Remote sensing derived risk maps were used to identify breeding sites with the highest larval productivity [24] [25] [26] . Cost savings turned out to be disproportionally higher than the increase in mosquito numbers due to the omission of treating breeding sites. Ideally, cost saving approaches should not compete with effectiveness. In our study area, it turned out to be difficult to rely on a selective treatment approach, since virtually all stagnant water bodies harbored Anopheles larvae, even if at low densities. During project impact evaluation and the analysis of implementation costs, three major areas were identified that could be modified for increased efficacy and cost-efficiency in future projects.
Firstly, the short residual effect of Bti under tropical climatic conditions calls for frequent retreatment of breeding sites, roughly every 8 to 10 days 27, 28 . Reducing the frequency of treatment intervals would significantly reduce the cost for manpower, transportation, and depending on the used product, the cost of larvicides. Therefore, novel formulations of Bti that disperse the active ingredients over a longer time seem to be an attractive option. However, a limiting factor for the deployment of time release tablets or floating granules is the nature of typical Anopheles breeding sites in many parts of the Sahel. A pilot study in Burkina Faso (Dambach, unpublished data) showed wind drift of time release granules (VectoMax FG, Valent BioSciences) from the windward to the leeward side of the breeding site several meters away, within minutes. This resulted in non-lethal dosages in the windward half of breeding sites, while in the leeward parts, mosquito larvae died after few hours. A novel and promising approach are insect growth regulators that inhibit molting of target organisms such as mosquitoes. Recent research showed that via using those substances, the retreatment interval of spraying breeding sites could be extended from 8 to 10 days to 4 to 6 weeks depending on breeding site ecology 29, 30 . Despite relatively low costs for manpower in community supported programs, extended treatment intervals could help to drastically cut on routine implementation costs. Equally helpful in minimizing infrastructure cost is the ability of these formulations to regain efficacy during flooding after having fallen dry. This is particularly interesting in settings that feature smaller breeding sites that can fall dry during few days with no precipitation and refill afterward. Although growth regulators such as pyriproxyfen and s-metoprene are expensive, they could prove helpful in drastically reducing treatment cost 30 . Furthermore, the use of growth regulators is not limited to the administration to breeding sites but can be extended to adult vector control in integrated approaches. Insect growth regulators are available for different modes of application, ranging from time release granules to powders and have recently been used at large scale to curb the zika epidemic in Brazil 31 .
Recent research unveiled the possibility of so called "auto dissemination" of growth regulators during which mosquitoes carry small amounts of the substance to tiny, normally non accessible breeding sites [32] [33] [34] . Second, the EMIRA project targeted primarily malaria mosquitoes, breeding in puddles and ponds within and around villages. Breeding sites in private compounds such as pit latrines and small breeding containers were not treated. This resulted in a discrepancy in vector reductions depending on species. While malaria transmitting Anopheles mosquitoes were reduced by more than 75%, Culex and Aedes mosquitoes were impacted much less, with only 34% achieved reduction 23 . Although mosquito species that favor these types of breeding sites, predominantly Culex and Aedes, do not transmit malaria, they are a major nuisance. In-depth interviews (II), focus group discussions (FGD), and guided questionnaires were used to gather data on the perceived success of anti-malarial larviciding programs. A total of 634 questionnaire interviews and 12 FGDs and IIs each which were performed in treatment and untreated control arms, indicated, that those programs could benefit from equally treating Culex and Aedes larval sources, since community members were not able to discriminate between different mosquito species and attribute a corresponding risk 35 . The success of larviciding programs heavily depends on community acceptance and their willingness of getting involved [36] [37] [38] . Support, financially, through labor, or by granting access to private compounds, is more likely to be offered by the communities if people can witness an immediate relief in mosquito nuisance. Therefore, future undertakings should include targeting of non-malaria mosquitoes. Although no direct cost savings are likely to be expected for malaria control, a more comprehensive view on the disease situation in many sub-Saharan regions unveils possible cost savings indeed.
Thirdly, many areas of sub-Saharan Africa increasingly experience severe health and economic damage through other vector borne diseases such as dengue fever and chikungunya 39, 40 . In contrast to Asia and South America, where non-malaria mosquito control is widely in place and financially supported, it is virtually absent in SSA. Addressing the increasing momentum of dengue and other diseases in the wake of climate change in an often resource restraint African setting, it would be beneficial to bundle up efforts in a way that the same infrastructure can be used for targeting multiple vector borne diseases. Although Aedes, Anopheles and Culex mosquitoes were found to have their unique breeding habitats within the study region, there was strong overlap between Culex and Anopheles mosquitoes in non-polluted puddles and ponds, which make up the highest share of water bodies in this area. Cost reductions are hence to be expected predominantly from infrastructural synergy effects, using already implemented program structure to additionally treat further vector habitats.
Control programs for virtually all tropical mosquito borne diseases depend on tightly organized field interventions. Despite the existing variety of those diseases, the most effective interventions are condensing down to a few approaches, amongst which are indoor residual spraying, insecticide treated nets and the treatment of larval habitats 41 . For many settings, large parts of the program infrastructure are identical, including personnel for project management, field applications, community mobilization and transport costs. However, arboviral diseases such as chikungunya and dengue are subject to different transmission dynamics, which are often characterized by outbreaks following longer periods of lower transmission. Although dengue and chikungunya vector control have some overlap with that for malaria, their complexity ideally calls for the additional implementation and financing of continuous surveillance or early warning systems. Those systems are able to capture spatial and temporal variations in disease transmission which can indicate the onset of epidemic outbreaks 42 . Current and future vector control programs should be assessed for their suitability of supplemental implementation of vector control measures to target regionally important diseases.
Conclusion
New vector control approaches are urgently needed to address rising resistances and changes in vector biting behavior. Their routine implementation is baffled not only by economic restraints but equally by a lack of uptake into international vector control guidelines, leaving countries hamstringed in implementing such programs. Larviciding programs often suffer from their alleged high costs and an allocation of funds almost solely towards adult vector control through bed nets. Additional approaches are needed to further curb intervention costs. Increasing the treatment intervals for larviciding, raising community involvement, and targeting several diseases at once could contribute to increased cost effectiveness of such interventions and facilitate their uptake into national and international control programs.
